I. INTRODUCTION
The Insulated Gate Bipolar Transistor (IGBT) was added to the family of power devices to overcome the high on-state loss of power MOSFETs. The IGBT is an hybrid device that combines the advantages of a MOSFET (high switching speed and low power drive requirement) and of a bipolar junction transistor (BJT) (low conduction losses) [1] .
The combined top perspective and cross-sectional views, not to scale, of one from the thousands of cells the IGBT comprises are shown in Figure 1 . Its structure is similar to that of a Vertical Double diffused MOSFET (VDMOSFET) with the exception that a p-type, heavily doped substrate, replaces the n-type drain contact of the conventional VDMOSFET.
Analytical models exist already [2] . Their implementation sets many problems due to the complexity of the equations used for calculating the current and charges of the IGBT. Some authors [3] proposed simplified equations, but the simulation results show inaccurate results near limit or non standard operating conditions. Another solution is to translate the physical equations into electrical circuits with original solutions to replace the derivative functions and other operators [4] [5] [6] [7] Figure  2 . The core of this macromodel is the IGBT equivalent circuit marked with bold typeface, i.e., a p-n-p bipolar transistor driven by a nchannel MOSFET in a pseudo-Darlington configuration [8] . This [9] . Typical dynamic parameters, used to characterize the IGBT, are the switching ton tr +tdon and torf tf-+-tdoff.
Fall Time Calibration
The biggest limitation to the turn-off speed of an IGBT is the lifetime of the minority carriers in the n-epi. layer, i.e., the base of the p-n-p bipolar transistor. The charges stored in the base produce a characteristic "tail" in the current waveform of an IGBT at turn-off. When the MOSFET's channel turns off, electron current decreases and the IGBT current drops rapidly to the level of the hole recombination current at the inception of the tail. Since the base current of the p-n-p bipolar transistor corresponds to the MOSFET drain current, the current gain of the p-n-p transistor is then, given by [1] :
This current gain, BF parameter in SPICE, allows to adjust the abrupt fall amplitude and implicitly the fall time value, this can be also adjusted directly by the ideal forward transit time of the parasitic n-p-n transistor (parameter TF in SPICE).
Turn-off Delay Time Calibration
Because of the particular structure of the IGBT where the gate metalization covers a big part of the MOSFET's drain (n-layer), the gate-drain capacitance CD is the main cause of the turn-off delay time [10] . In 
Static Latch-up Modelling
When an IGBT goes into latch-up, the parasitic n-p-n transistor of the device starts to conduct. This behavior can be modelled by introducing a n-p-n bipolar transistor between the MOSFET's drain and source, which is controlled by the series resistance Rp of the p-well.
Latch-up occurs when the voltage drop over this resistor is large enough to turn on the parasitic n-p-n transistor, i.e., when: Rp x Ic(Q1) > VEB(Q2).
Where VEB is the built-in potential of the n-p-n transistor BaseEmitter junction.
The value of the resistor Rp can be expressed using the IGBT's current IAKlup (measured or given in the data sheets) causing the latchup and the current gain of the bipolar transistor (Q 1):
Although this latch-up model is simple, it allows for modelling the static latch-up in circuit simulation.
III. RESULTS
We have adjusted our model to simulate two IGBT devices from International Rectifier (IR): IRGBC20S and IRGBC40F with various powers and switching speeds. The first one is a standard type 600 V-20 A, and the second one is a fast type 600 V-40 A.
The SPICE parameters of the models corresponding to the two IGBT devices are determined so as to fit the data sheet static and dynamic electrical characteristics. Figures 3 and 4 show the I-V characteristics, simulated (a) and given in the manufacturer's data book (b), for an IRGBC20S and an IRGBC40F samples respectively. A good agreement is recorded for both IGBT devices.
Concerning the switching parameters, only the switching time values are given in the data sheets. These values are compared in Table I The forward biased SOA voltage value measured for an IRGBC20S sample is 815 V, therefore, the BV parameter value is fixed in the SPICE program as 815.7V. Figure 7 shows the I-V characteristics (v) Figure 7 . This is to demonstrate the ability of our model to simulate the reverse biased SOA of an IGBT. 
